Figures

Datums
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88) with conversions to the National Geodetic Vertical Datum of 1929 (NGVD 29) which was the standard datum at the time the dam was constructed. Datum shifts were calculated using the National Geodetic Survey VERTCON 2.0 model (available at https://www.ngs.noaa.gov/ TOOLS/Vertcon/vert_method.html). Applying the VERTCON 2.0 model at two locations (left dam abutment and spillway), the average vertical datum shift from NGVD 29 to NAVD 88 at the San Antonio Reservoir is estimated to be +2.74 ft (NGVD 29 elevation in feet plus 2.74 ft equals NAVD 88 elevation in feet). For documentation of the VERTCON 2.0 model, see Milbert (1999) .
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83) coordinates where the reference frame has been affixed to the North American plate [NAD 83(2011)] , (National Geodetic Survey, 2017) .
Elevation, as used in this report, refers to distance above the vertical datum. S. Geological Survey reservoirs in Alameda County and the third largest of the RWS reservoirs in the San Francisco Bay Area. The reservoir was formed by the James H. Turner Dam, which was completed in 1965. At the time of construction, the reservoir was estimated to have 50,500 acre-feet (acre-ft) of storage capacity. That early estimate was based on a 1963 pre-construction topographic map, which was drawn from aerial photographs. The capacity of the reservoir was later surveyed in 1994 and 2000. These two later surveys did not include the upper 18 feet (ft) of the reservoir, which represents roughly 30 percent of the overall storage volume. To determine the storage capacity and provide updated stage-capacity curves up to the spillway, the U.S. Geological Survey, in cooperation with the SFPUC, surveyed the bathymetry and shoreline of the reservoir in April 2018.
The bathymetric survey was performed by making depth soundings using a boat-mounted, multibeam echosounder. At the time of the survey, the water level was between 13 and 14 ft below the spillway elevation. To measure capacity between the water line up to the spillway elevation, topography along most of the shoreline was surveyed from the boat using a terrestrial Light Detection and Ranging (LiDAR) scanner and in other areas by using ground-survey techniques. Location during bathymetric and topographic data collection was determined using a Global Navigation Satellite System-Real Time Network system. Vertical profiles of sound speed were collected periodically. The sound-speed profiles were used to spatially and temporally adjust the sound-speed calculations used to determine depth from the soundings. Approximately 125 kilometers (78 miles) of transects with a total of about 560 million depth soundings and topographic LiDAR points were collected (about 160 per square meter). In addition, approximately 500 topographic survey points were collected in shallow, wadable areas and on land near the upper reservoir area using a Global Navigation Satellite System receiver attached to a fixed length survey rod. Depth soundings, terrestrial LiDAR points, topographic survey points, and a digitized shoreline were merged and interpolated to generate a digital elevation model (DEM) of the reservoir. Gridded elevation data extracted from the DEM were then tabulated to determine total reservoir capacity and create reservoir stage-surface area and stage-storage capacity tables.
Results of the reservoir capacity analysis indicated that the reservoir has 53,266 (plus or minus 140) acre-ft of storage capacity, which is an increase of 2,766 acre-ft (or 5.5 percent) greater than the original 1965 estimate; the increase is likely due to improved survey methods. Also, at the time of this 2018 survey, Intake #1 (the lowest intake) was not in operation. Intake #1 is estimated to be buried approximately 10 ft below the bed, whereas Intake #2 is about 20 ft above the bed. There are five intakes at different elevation levels; however, when consecutive lower intakes become inoperable due to sedimentation, the live storage capacity (capacity available for use) is reduced. At the time of this survey, the remaining live storage (above Intake #2) was approximately 52,363 acre-ft.
The 2018 stage-capacity curve was compared to the original 1965 stage-capacity curve. Although overall, the changes indicate an increase in storage capacity, the change in volume at 372.7 ft North American Vertical Datum of 1988 (370 ft National Geodetic Vertical Datum of 1929, NGVD 29) shows a decrease of 733 acre-ft (the elevation of 370 ft NGVD 29 was used because it is the lowest elevation available for the 1965 stage-capacity curves). This finding agrees with the observed accumulation of sediment over Intake #1. That volume was converted to an annual sediment yield of 0.35 acre-ft per square mile (or 165 cubic meters per square kilometer), which is of the same order of magnitude as that found in other watersheds for the Coast Ranges in California. A decrease of 733 acre-ft between 1965 and 2018 thus represents a loss of 1.5 percent of the overall storage capacity in the reservoir. The updated stage-surface area and stage-capacity tables provided in this report and online (https://doi.org/10.5066/P9KC9DU8) can be used by the SFPUC to improve reservoir operations and serve as an accurate baseline to monitor bathymetric changes in the future.
Introduction
San Antonio Reservoir, in Alameda County, California, is owned and operated by the San Francisco Public Utilities Commission (SFPUC). The reservoir was formed by the construction of the James H. Turner Dam, which was completed in 1965. The reservoir was surveyed previously in 1994 and 2000 (Sea Surveyor, Inc., 2000 . Changes between the 1994 and 2000 surveys indicated a decline in the San Antonio Reservoir storage capacity of about 1.5 percent (Sea Surveyor, Inc., 2000) . Those surveys, however, did not include the upper 18 feet (ft) of the reservoir, which includes roughly 30 percent of the total storage volume of the reservoir. The U.S. Geological Survey (USGS), in cooperation with the SFPUC, performed a combined bathymetric and topographic survey, which included areas above the water surface. Those data were analyzed to determine the storage capacity up to the spillway elevation, at the time of this survey, and to create updated stage-surface area and stage-capacity tables.
Purpose and Scope
The USGS, in cooperation with the SFPUC, conducted a combined bathymetric and topographic survey to determine the storage capacity, at the time of this study, of the San Antonio Reservoir and provide updated reservoir stage-area and stage-capacity curves. Bed-material samples also were collected during this survey to assist in the identification of depositional areas (such as deltas) and to characterize the sediment entering the reservoir. This report presents the methods used to collect survey data, compute reservoir capacity, and collect and analyze bed-material samples. The 2018 reservoir capacity and surface area, which were computed at 0.1-ft reservoir water-level (stage) increments, are provided in tables in this report. The stage-capacity results from the 2018 survey were compared with those from the 1965 stage-capacity curve (Alexis Dufour, San Francisco Public Utilities Commission, written commun., 2018) to provide an estimate of the quantity of sediment that has been deposited in the reservoir since construction. A detailed interpretation of sedimentation rates and deposition patterns is not included in this report.
The outlet works' intake structure has five intakes at varying elevations, which allow water to be released from the reservoir. However, at the time of this study, bathymetric surveys indicated that sediment deposition over Intake #1 may be affecting its operation. Inoperable intake structures can reduce the live storage volume. In this report, the volume of storage above each of the five intakes is summarized. In addition, an electronic digital elevation model (DEM) file and comma-delimited files of stage-area and stage-capacity tables are available as a USGS ScienceBase online database at https://doi.org/10.5066/P9KC9DU8 (Marineau and others, 2019) .
Description of Study Area
The San Antonio Reservoir is in Alameda County, California, 34 miles (mi) southeast of San Francisco, at approximately 37°34ʹ N., 121°50ʹ W. ( fig. 1) . At full capacity, the reservoir surface area extends approximately 1.3 square miles (mi 2 ) and drains a watershed area of about 38.4 mi 2 . The reservoir was formed after the construction of the James H. Turner Dam in 1965. The earthen dam is 195 ft tall and approximately 2,160 ft in length. The dam crest elevation is approximately 488.7-ft North American Vertical Datum of 1988 (NAVD 88; 486.0-ft National Geodetic Vertical Datum of 1929, NGVD 29) , and the spillway elevation was surveyed during this study as 470.9-ft NAVD 88 (468.2-ft NGVD 29) 1 . The reservoir is one of two SFPUC reservoirs in Alameda County and serves to store local runoff from the San Antonio watershed and water imported from the Hetch Hetchy Regional Water System. At the time of construction in 1965, the San Antonio Reservoir had an estimated total storage capacity of 50,500 acre-feet (based on stage-capacity tables provided by the SFPUC; Alexis Dufour, San Francisco Public Utilities Commission, written commun., 2018).
Live storage, sometimes called usable storage or watersupply storage, is water storage that is above the lowest-level outlet. The James H. Turner Dam outlet works has five intake structures at varying depths along a 42-inch (in.) diameter inclined pipe. These structures were referred to as "intakes" in as-built engineering drawings and thus will be referred to as intakes throughout this report. At the time of the 2018 survey, only the upper four structures could be identified from three-dimensional images produced from high-resolution bathymetric survey data.
The climate in Alameda County, California, is classified as a warm summer Mediterranean type based on the Köppen classification system (Idaho State Climate Services, 1999) , which is characterized by warm, dry summers and cool, wet winters. Mean daytime temperature in Alameda County is 73 degrees Fahrenheit (°F) and temperature generally ranges from about 42 to 80 °F (National Oceanic and Atmospheric Administration, 2018b). Average annual precipitation is approximately 19 in. and most of this precipitation falls between November and March. The storms producing the greatest amount of precipitation result from extratropical cyclones (Dettinger and others, 2011) , which are commonly referred to as "atmospheric rivers."
Introduction
The watershed surrounding the reservoir is small relative to the size of the reservoir. Several small tributary creeks are near the east end of the reservoir and small gullies surround much of the reservoir, but most of the watershed is drained by two longer creeks entering the reservoir's eastern end-San Antonio Creek and Indian Creek ( fig. 1) . The stream channels are dry most of the year. The watershed is generally hilly to the north and east with grasslands and native oak species. To the south, the terrain is much steeper and more heavily vegetated with large shrubs and trees, especially on slopes with northward aspect.
Vertical Datums and Previous Reservoir Surveys
The official vertical datum in North America, at the time of this report, was NAVD 88; however, the dam construction predates this datum by several decades. Most of the construction documents, survey markers, and stage-surface area/stage-capacity curves are referenced to NGVD 29, which was the official vertical datum before NAVD 88. Conversion of orthometric heights from one datum to the other typically requires addition or subtraction, however, the magnitude of the difference between the two datums depends on geographic location. To calculate the orthometric height conversion, the online VERTCON 2.0 tool was used with a number of benchmarks having known NGVD 29 coordinates (VERTCON 2.0, https://www.ngs.noaa.gov/ cgi-bin/VERTCON/vert_con.prl ; Milbert, 1999) . Conversion to NAVD 88 requires the addition of 2.74 ft to elevations referenced to NGVD 29. The same conversion (plus 2.74 ft) was used for all benchmarks referenced in this report. The first reservoir capacity estimate was completed in 1963, before construction of the James H. Turner Dam (Bechtel Corporation, 1963a) . The 1963 estimate was based on a topographic contour map by R.M. Towell, Inc., which was drawn using photogrammetry from 1959 aerial photographs dated April 8, 1959 (Bechtel Corporation, 1963a . As-built (post construction) surveys were not performed. In the absence of an as-built survey, the 1963 topographic map was used by Bechtel to create estimated stage-surface area and stagecapacity curves (Bechtel Corporation, 1963a) . The SFPUC uses a 1-ft interval tabulated version of the original stagecapacity curve to support reservoir operations (Alexis Dufour, San Francisco Public Utilities Commission, written commun., October 3, 2018) and in this report it will be referred to as the "1965 stage-capacity curve."
The next surveys, which were bathymetric, were completed in 1994 and 2000 by Sea Surveyor, Inc. (henceforth, Sea Surveyor). The 2000 bathymetric survey was done on August 8, 2000, while the lake level was at 461.0 ft NGVD 29 (463.7 ft NAVD 88). Reservoir stagecapacity data were reported only for elevations between 310.5 and 450 ft NGVD 29 (313.2 and 452.7 ft NAVD 88, respectively), and did not provide capacity data for the upper 18 ft of the reservoir between reservoir stage and spillway crest. The 1994 survey also was done while the lake level was at 461.0 ft NGVD 29 (Sea Surveyor, Inc., 2000) . However, at the time of the publication of this report, neither the 1994 report nor the detailed 1994 survey data were available. The only information available was that referenced in the 2000 Sea Surveyor report. Based on the 2000 survey, Sea Surveyor concluded that the San Antonio Reservoir was approximately 0.5 ft shallower in 2000 than in 1994; and "the reservoir has approximately 1.5 percent less capacity than in 1994" (Sea Surveyor, Inc., 2000) .
The 2000 survey used a boat-mounted, single-beam transducer and Global Positioning System (GPS) for horizontal control (Sea Surveyor, Inc., 2000) ; however, the accuracy of the control was not reported. If the 2000 survey used low-accuracy methods for horizontal and vertical control, then uncertainty and "noise" in the 2000 survey data could make it difficult to identify small changes in bathymetry during 2000-18, potentially obscuring areas of deposition.
Data and Sample Collection
The equipment and methods used to collect the topographic and bathymetric data and bed-material samples are described in this section. All fieldwork was completed during April 16-20, 2018. The survey used a Global Navigation Satellite System-Real-Time Network (GNSS-RTN) system, which was integrated with the bathymetric and topographic survey equipment to obtain real-time elevation measurements for all points. This eliminated the need to collect and process continuous water-surface elevation data, which are commonly used to convert depth soundings to elevations. Continuous water-surface data were still collected as a backup, as described below. During the time of the survey, the water-surface elevation increased slightly (about 1 ft) from about 454.0 to 455.0 ft NAVD 88 (approximately 451.3 to 452.3 ft NGVD 29). For reference, such reservoir stages are 13−14 ft below the spillway crest.
Equipment
The following is a list of equipment used during the bathymetric survey, shoreline topographic survey, and bedmaterial sampling.
• 19-ft Koffler aluminum boat with outboard jet motor 
Horizontal and Vertical Controls
A GNSS-RTN was used for horizontal and vertical control during this study. An Applanix OceanMaster INS GNSS system with twin offset receiver antennas was mounted above the multibeam transducer and terrestrial LiDAR transceiver during bathymetric and shoreline topographic data collection, respectively. During other topographic data collection and benchmark survey work, a Trimble R10 GNSS receiver was used as a rover. Real-time corrections were accessed from the California Survey and Drafting Supply (CSDS) Coastal Network. All bathymetric and terrestrial LiDAR survey data were post-processed using Trimble RTX™ positioning service, which incorporates all nearby Continuously Operated Reference Stations. This section describes the coordinate systems used in this survey and locations of monumented benchmarks on or near the dam, which were surveyed during this study to verify accuracy of our bathymetric and topographic survey.
In addition to using GNSS-RTN for vertical and horizontal control during the bathymetric and topographic surveys, five monumented benchmarks, water-surface elevation, and the reservoir staff gage plate were surveyed using GNSS-RTN to check that the vertical control for the 2018 survey aligned with known benchmarks and the water-level elevation datum already used by the SFPUC. Benchmarks and staff gage datum used by the SFPUC are referenced to NGVD 29. The 2018 data were referenced to the NAVD 88. The differences between these datums and conversions between datums are explained in the following two sections. Details regarding the monumented benchmark survey also are explained in the "Monumented Benchmarks" section below.
Coordinate Systems
The vertical coordinate system used in this study is NAVD 88. The horizontal geographic coordinate system used is the North American Datum of 1983 (NAD 83) adjusted by the National Geodetic Survey such that it is referenced to the North American plate; it is abbreviated as NAD 83 (2011). The North American Datum of 1983 (2011) is referenced to the National Spatial Reference System (National Geodetic Survey, 2017). The projected coordinate system used in figures in this report is the NAD 83 (2011) Universal Transverse Mercator (UTM) grid for zone 10 north.
Orthometric Height Conversion
The NAVD 88 vertical coordinate system supersedes the NGVD 29 vertical coordinate system, which was used in earlier surveys. The staff gage plate for the reservoir (used to monitor water-level elevation) and monumented benchmarks around the reservoir are referenced to NGVD 29 in most of the documentation used by the SFPUC. As mentioned above in the "Vertical Datums and Previous Reservoir Surveys" section, orthometric height conversions between NGVD 29 and NAVD 88 were performed using the National Geodetic Survey VERTCON 2.0 online tool (Milbert, 1999) . The reported error in conversion between NGVD 29 and NAVD 88 is plus or minus 2 cm (0.07 ft). Using the VERTCON 2.0 orthometric height conversion tool the datum shift from NGVD 29 to NAVD 88 varied from plus 2.743 ft to plus 2.736 ft between the left dam abutment (37.571° N., 121.850° W.), as viewed looking downstream, to the spillway (37.576° N., 121.845° W.). These two values were averaged together (plus 2.74 ft plus or minus 0.07 ft) and applied to the NGVD 29 elevations of all five of the benchmarks surveyed during this study. Elevation information shown in this report is typically provided with reference to NAVD 88 and NGVD 29.
Monumented Benchmarks
Five monumented benchmarks on or near the dam were surveyed using a GNSS-RTN system ( fig. 1) . The GNSS-RTN rover consisted of a Trimble R10 GNSS receiver mounted to a 2-meter, fixed-height survey rod with a survey point. Data were logged on a Trimble TSC3 hand-held controller using Trimble Access Software (Trimble, 2013) . Benchmarks were occupied for a minimum of 180 epochs (typically 1-second data-collection intervals for a total duration not less than 3 minutes) following recommendations of Rydlund and Densmore (2012) . A 25-cm (0.80-ft) survey rod extension also was added to the 2-m rod, the receiver was reinitialized for antenna-height blunder checks, and the benchmark was resurveyed (also following the recommendations of Rydlund and Densmore, 2012) . Each monumented benchmark was therefore occupied at least two times. Survey measurements at each benchmark were checked for quality control and then paired occupations were averaged together (for a particular benchmark). Two of the benchmarks were surveyed on two separate dates (BM 7 and BM 114): once in April and once in December 2018 (table 1) . For those two benchmarks, surveyed on different dates, the measurements differed by 0.01 ft for BM 7 and 0.05 ft for BM 114.
The locations of the five monumented benchmarks are shown in figure 1. Benchmark (BM) 7 is on the spillway crest; BM 53 is on the left dam abutment at the base of cliffs; BM 55 is on a hill in front of the dam; BM 59 is on an access road between the dam and the spillway; and BM 114 is at the top of the stairs of the control house. The elevation as reported by the SFPUC and the elevations measured during this study for these five benchmarks are shown in table 1. Benchmark 53 is near the base of steep cliffs and under power lines, both of which could degrade quality of measurement (Rydlund and Densmore, 2012) .
The spillway ( fig. 2 ) has a brass benchmark in the center of the crest, which was reported to have an elevation of 468.31 ft NGVD 29 (Stacie Feng, San Francisco Public Utilities Commission, written commun., 2018) or 471.05 plus or minus 0.07 ft NAVD 88 (table 1). The elevation of the spillway crest benchmark (BM 7) was surveyed by USGS staff on April 18, 2018, and December 11, 2018, using a fixedlength survey rod with a Trimble R10 receiver. The survey duration was 180 epochs (standard control survey length) with a Virtual Reference Station connection to the CSDS Real-Time Network. No other points on the spillway crest were surveyed. Each end of the spillway crest has steep vertical walls that could cause multipath issues (ambiguous position) when performing a GNSS survey (Rydlund and Densmore, 2012) .
Differences between previously published elevations of monumented benchmarks and survey elevation measurements made during this study are listed in the far-right column of table 1. The differences between the benchmark elevations reported by the SFPUC and those measured during the survey were relatively consistent. The benchmarks measured between 0.05 and 0.17 ft lower than the documented elevations (mean of -0.10 ft). All of the benchmarks were surveyed as lower than what was documented by the SFPUC. At the time of this report, detailed survey reports from previous benchmark surveys were not available. The reason for the differences between the survey measurements made for this study and the previously documented survey measurements could not be determined. Given that the previous measurements are in a superseded datum (NGVD 29), it is unlikely that they were collected with accuracies comparable to GNSS survey methods.
Reservoir Stage
Reservoir stage (water level) is monitored and recorded hourly by a gage operated by San Francisco County in the reservoir (California Data Exchange Center [CDEC] Station: SAT, http://cdec.water.ca.gov/dynamicapp/staMeta?station_ id=SAT). An inclined staff gage plate also is on the steps at the control structure for manual observation of reservoir stage. The stage elevation (gage datum) for the recording gage and staff plate are referenced to the NGVD 29 vertical datum. In general, during the April 2018 bathymetric survey, reservoir storage was approximately 81 percent of full capacity at an average elevation of about 457.4 ft NAVD 88 (454.7 ft NGVD 29) or about 13.5 ft below the spillway elevation. The water-surface elevation increased slightly (about 1 ft) during the survey. Figure 3 shows the water-surface elevation during the time of the survey as recorded by the CDEC station. In addition, water-level data were collected during the survey using an Onset MX2001 TM logger (referred to herein as "temporary stage logger") at a 1-minute sampling frequency and water-surface elevations were checked two times using GNSS-RTN: the water surface was surveyed once on April 17 and again on April 18, 2018 ( fig. 3) . The temporary stage logger was installed next to the inclined staff gage plate (the GNSS-RTN water-surface elevation measurements were collected at the same location). Reservoir-stage data from CDEC (Station: SAT) were missing for about two-thirds of the survey. Figure 3 also shows that the existing water-level sensor that CDEC uses may drift from time to time (based on comparison of CDEC data to the temporary stage logger data and the GNSS-RTN surveys of water-surface elevation). The temporary stage logger data were collected as a backup in the event the vertical GNSS position became unavailable; however, the GNSS-surveyed, bathymetric-topographic dataset was complete, so these data were not needed for the analysis portion of this study. 
Bathymetric and Topographic Survey
To complete the reservoir survey, three types of survey datasets were collected (1) multibeam bathymetric data, (2) terrestrial-LiDAR topographic data, and (3) ground-based GNSS topographic survey data. The multibeam bathymetric and terrestrial-LiDAR topographic data were collected from a motorized boat while the GNSS topographic survey data were collected by walking or wading in the upper reservoir area that could not be surveyed by boat. Some additional data were collected to support the survey work such as underwater sound-speed profiles (used to correct sound speeds calculated by the multibeam system software) and a topographic benchmark survey.
Bathymetric Data Collection Using Multibeam
Bathymetric data were collected using a boat-mounted Norbit iWBHSh STX Multibeam Sonar System (multibeam). The multibeam was attached to the side of the 19-ft aluminum Koffler motorized boat using a carbon fiber mount, such that the reference point on the multibeam was at a depth of 1.15 ft (measured from the water surface).
The multibeam uses 256 beams and has a maximum swath width of 165 degrees (swath width during the survey ranged between 130 and 160 degrees). It operates at a nominal sonar frequency of 400 kilohertz (kHz), and depth data (soundings) were typically recorded at 10 hertz (Hz). Twin external Applanix OceanMaster INS GNSS receivers mounted offset above the multibeam collected position and heading data. A built-in INS measured pitch, roll, and yaw, and those measurements were used to make geometric corrections to depth soundings. In addition, an AML Base X2 underwater sound-velocity profiler was used to collect vertical profiles of underwater sound velocity several times a day and in different parts of the reservoir. These sound-speed profiles were used to make automatic corrections to the multibeam data affected by changes in sound speed caused by water temperature differences (see the "Sound-Speed Profiles" section below for more detailed discussion on this topic). After the instrumentation was mounted on the first day, a multibeam patch test was performed to check the alignment of the sensors. System checks and compass calibration of the multibeam were performed daily. Data were recorded on a field laptop using QINSy and Qimera software (Quality Positioning Services, 2018a, b). 
Motorized Boat Survey Path
The approach for conducting the bathymetric survey was to separately survey the entire perimeter (shoreline) and interior portions of the reservoir continuously. These two parts of the survey can be performed in any order. The perimeter was surveyed by following the entire shoreline as closely as possible (given the water depth) and logging bathymetric and topographic data using the multibeam and the NORBIT LiDAR, respectively; distance to the shoreline was generally between 10 and 20 ft. During the shoreline survey, the aim of the multibeam was configured at an angle toward the shoreline, thus minimizing the gap between sonar-and LiDAR-measured data at the shoreline. The interior of the reservoir was loosely divided into three sections based on overall depth and each section was surveyed by generally following parallel lines ( fig. 4) . Gaps between the large middle sections of the reservoir and shoreline path were then filled in. At the end of each day, the data were post-processed to determine areas that may need to be resurveyed to improve accuracy. Figure 4 shows an outline of the reservoir and the location of all boat tracks during the bathymetric survey.
Multibeam Calibration
The transducers in the Norbit multibeam and terrestrial LiDAR were calibrated using a patch test to resolve minor misalignments in the instruments. The patch tests were performed by collecting and processing swaths of overlapping bathymetric and terrestrial topographic data (Norbit, 2018b) . A tool in the QINSy software detects errors in depth and elevation between the overlapping portions of the swaths and then makes adjustments to correct those errors (Norbit, 2018b) . The INS is calibrated using heading alignment calibration (Norbit, 2018a) . 
Sound-Speed Profiles
The density of water is primarily affected by the temperature in freshwater reservoirs. Changes in the density above and below a thermocline will affect the speed of sound underwater (referred to as "sound speed"). Sound-speed variation in the water column, if uncorrected, can introduce error in depth measurements collected using acoustically based survey instruments. A 10 °F decrease in freshwater temperature (for example, from 65 to 55 °F) can decrease the sound speed by about 54 feet per second (ft/s), or 1.1 percent (determined from calculations using the Chen and Millero, 1977 , equation for sound speed). Failure to account for vertical stratification in water temperature could thus result in an overestimate of sound speed leading to a positively biased (biased high) estimate of depth (resulting in an overestimation of reservoir capacity). Because of this effect, vertical profiles of underwater sound speed were collected periodically during the 2018 survey. These sound-speed profiles were collected using an AML Oceanographic Base X2 profiler with an SV-Xchange™ sound-velocity sensor (sound-speed profiler). Generally, a sound-speed profile was collected at the start of the survey, during the survey approximately every 1-2 hours or after moving to a new location, and at the end of the survey (locations of profiles are shown in fig. 4 ). The soundspeed profiler has an internal GPS receiver for measuring the horizontal location of each sound-speed profile; it can operate in depths up to 328 ft (100 m) with a sound-speed accuracy of 1 inch per second (in./sec; 0.025 meters per second, m/s). A total of 24 sound-speed profiles were collected during the survey ( fig. 4 ).
Topographic Data Collection Using Terrestrial Light Detection and Ranging and Global Navigation Satellite System Ground-Survey Methods
Terrestrial LiDAR data were collected using a Norbit LiDAR, which used a Velodyne VL-16 LiDAR unit. The Norbit LiDAR was mounted approximately 5 ft (1.5 m) above the multibeam on the same carbon fiber pole and faced outwards to the starboard side of the watercraft. Positional data were collected in the same manner as that described above for the multibeam; moreover, topographic position corrections for roll, pitch, and yaw also were applied using identical methods as used for bathymetric data.
A large portion of the upper part of the reservoir was above water level, but below spillway crest elevation (the reservoir was not completely full at the time of the survey). The terrestrial LiDAR could not adequately reach much of that area from the boat due to the maximum range of the LiDAR system, and large lidar shadow zones (no data) caused by the combination of low view angle, rugged terrain, and dense vegetation. In this area, the R10 GNSS rover was used with a 6.56 ft (2.00 m) survey rod to collect enough topographic points to capture the general terrain in this area. The measurements were surveyed using a Trimble R10 receiver, which was connected to the CSDS coastal Real-Time Network (RTN) to receive GNSS-RTN corrections. The locations of GNSS-RTN ground-survey measurements are shown as "topographic survey path" in figure 4.
Real-Time Multibeam, Sound Speed, and Terrestrial Light Detection and Ranging Integration
All multibeam and terrestrial LiDAR data were collected while using a GNSS-RTN system and INS that integrated position, roll, pitch, and yaw to obtain real-time X, Y, and Z coordinates of all survey points on the reservoir bed and exposed shore. This type of data-collection platform eliminated the need for collecting water-level data during the survey and compensating for changes in water-surface elevation. As discussed previously in the "Reservoir Stage" section, water-level data were collected as a backup ( fig. 3) ; however, since vertical GNSS position data were collected during the entire survey, these additional water-level data were not used for analysis.
Bed-Material Sampling
Bed material was sampled using a US BMH-60, which is a rotary-scoop bed-material sampler, following standard USGS protocols for use of these samplers (Edwards and Glysson, 1999; Davis, 2005 ) from a motorized boat. Rotaryscoop samplers are designed to collect material from the top 5 cm of the bed. Samples were generally collected along the centerline of the reservoir where the old creek channel was and near the upper end of the reservoir where several tributaries flow into the reservoir. Approximate locations of bed-material samples are shown in figure 4 .
The locations of sample collection were recorded using the boat's on-board GPS navigation system. The accuracy of the boat's on-board GPS was about plus or minus 8 ft (2.5 m; Johnson Outdoors Marine Electronics Inc., 2014). The GPS receiver for the boat is on the stern, whereas the sampler is suspended off the bow. Additional information about sampling (date, time, and depth of sample) also was recorded and is available in the "Bed-Material Composition" section later this report.
Data Analysis
Raw depth-sounding data were first corrected for changes in sound speed, resulting from potential thermoclines. The sound speed corrected depth data were then converted to bathymetric elevations and merged with topographic datasets and the shoreline data. The merged point data were interpolated to obtain a 3.3-ft (1-m) resolution raster DEM of the survey. This DEM was used to compute reservoir storage capacity.
Shallow-Water Survey, Spillway Elevation, and Shoreline Digitization
The GNSS-RTN ground-survey measurements were processed in Trimble Business Center software (Trimble, 2014) . The GNSS-RTN ground-survey measurements were then combined with the bathymetric dataset.
The two survey measurements of BM 7 (April 30, 2018, and December 11, 2018) , which is the spillway crest benchmark, differed by 0.01 ft; resulting in an average elevation for BM 7 of 470.93 plus or minus 0.05 ft NAVD 88 (468.19 ft NGVD 29). The spillway crest elevation was rounded down to 470.9 ft NAVD 88 when calculating the reservoir storage volume.
Several small areas of the shoreline could not be reached by terrestrial LiDAR or accessed easily with GNSS-RTN ground survey. These were typically small gullies that were inaccessible using the motorized boat; generally, these areas were small and the water was shallow (less than 2 ft; 0.6 m). To quantify these areas, a contour representing the spillway elevation was used to aid in the interpolation between measured bathymetric and topographic points. This contour, which represents the shoreline when the reservoir is full, was drawn from high-resolution (1.6 ft; 0.5 m) WorldView 2 Satellite imagery of the reservoir ( fig. 1) , dated March 16, 2016 (Digital Globe Inc., 2018 . The imagery was collected when the reservoir was at full capacity (468.48 ft NGVD 29; 471.22 ft NAVD 88), which was based on water-level gage data recorded at the time (CDEC Station: SAT). The shoreline contour line was then converted to discrete points at 1-m (3.3-ft) intervals using ArcGIS™ (Environmental Systems Research Institute [ESRI] Inc., 2017), and assigned an elevation of 471.1 ft NAVD 88 (the elevation was adjusted by 0.1 ft based on differences between reoccupation of benchmarks surveyed in new and previous benchmark surveys). The shoreline point data were then merged with the bathymetric and topographic data.
Sound-Speed Corrections
The QPS Qimera software integrates multiple measurements made using the sound-speed profiler with the bathymetric data (Quality Positioning Services, 2018a, b). Underwater sound speed was measured directly at different depths using the sound-speed profiler. These underwater sound velocity data were then used to make corrections to the multibeam depth soundings. During the survey, 24 soundspeed profiles were collected; their locations are shown on 
Digital Elevation Model Development
The multibeam bathymetric, terrestrial LiDAR, GNSS-RTN ground survey, and digitized shoreline points were merged and imported into ArcGIS™ (Environmental Systems Research Institute Inc., 2017) as a point shapefile. A DEM was created in ArcGIS by using a nearest neighbor interpolation algorithm with 3.28-ft (1-m) cell size. The elevation data from the DEM were then exported and tabulated in MATLAB ® (MathWorks, Inc., 2018) to obtain the surface area and cumulative storage volume at 0.1-ft stage intervals. The bathymetric raster dataset also was used to generate contours at 10-foot intervals using an algorithm in ArcGIS; contour lines shorter than 150 ft were excluded. The remaining contours were smoothed using a PAEK smoothing algorithm (Environmental Systems Research Institute, Inc., 2017).
Multibeam Indirect Depth Check
As an indirect check that the multibeam had functioned properly, the maximum depth sounded by the bed-material sampler or the sound-speed profiler in several sound-speed profiles was compared to the bed elevation derived from the DEM at the same locations ( fig. 6 ). This indirect depth check was not performed in the field, but was completed after the bathymetric data points were processed and a DEM was generated. To complete the depth check, sound-speed profiles were culled such that profiles in areas with steep bed topography were not used in the indirect depth-check analysis. The maximum depth recorded by the sound-speed profiler is referred to here as the "profiler-derived depth." The depths measured by the multibeam were the primary bathymetric data used in constructing the DEM; nevertheless, the checked dataset is referred to as the "DEM-derived depth". In those areas where bed topography is steep, if the boat drifted a few feet from the GPS-derived location of the profiler while the profiler was still descending underwater, the profiler-derived depth could differ substantially from the DEM-derived depth. Excluding the profiles collected in areas with mildly sloped to steep bed topography, the average depth of the remaining eight profiles was about 43 ft (13 m) with a range of 19-75 ft (5.8-23 m). On average, the profiler-derived depth was 0.30 ft (0.09 m) shallower than the DEM-derived depth. Differences in depth could be caused by boat drift or vertical offset of the pressure sensor on the sound-speed profiler relative to the base of the instrument. In general, the DEM-derived bed elevations (which are based on multibeam measurements) and soundspeed profiler and bed-material sampler derived elevations corresponded well ( fig. 6 ). In addition to performing daily system checks on the multibeam, this indirect check against the profiler-and sampler-measured depths provided assurance that the Norbit multibeam was functioning properly and measuring elevations accurately.
Bed-Material Sample Preparation and Particle-Size Analysis
Bed-material samples were dried in an oven at 105 degrees Celsius (°C). After samples were dried, clumps of sediment were disaggregated using a mortar and pestle. Particle-size distribution of the sample material was then determined using a combination of laser diffraction measurement and sieving.
Sieving of sediment particles with size greater than 1 millimeter (mm) followed standard sieving methods (Edwards and Glysson, 1999) . The total weight of each size class was recorded and then used with the sieve data to determine the particle-size distribution.
The median (D 50 ) and 90th-percentile (D 90 ) grain sizes were calculated using linear interpolation between logarithmically transformed particle-size classes. The percentages of fine sediment, sand, and gravel in each sample also were calculated. Clay sediment is smaller than 0.004 mm; silt is from 0.004 to less than 0.063 mm; sand is from 0.063 to less than 2 mm; and gravel is from 2 to less than 64 mm.
Particle-Size Distribution Using a Laser Diffraction Particle-Size Analyzer
Subsamples of bed material for all sample sets were processed using the LS 13-320 Laser Diffraction Particle-Size Analyzer (analyzer). This instrument is limited to particles with a nominal diameter less than 2 mm (Beckman Coulter, Inc., 2009). Coarser angular particles between 1 and 2 mm can be problematic and clog the instrument. Therefore, the coarser material (with a nominal diameter greater than 1 mm) was sieved during sample preparation and weighed separately using sieves ranging from 1 to 11 mm (no samples contained particles larger than 11 mm). The analyzer measures the percent by volume of particles for 96 size classes ranging from 0.000375 to 2 mm. The D 50 and D 90 were calculated using linear interpolation between the nearest size classes. The analyzer used the Fraunhofer model to estimate particle size based on the measurements of light diffraction (Beckman Coulter, Inc., 2009). Data for size classes finer than 0.004, 0.008, 0.016, 0.0313, 0.0625, 0.125, 0.25, 0.5, and 1 mm (corresponding to 1 phi increments) were interpolated between the nearest size classes recorded by the analyzer. For samples containing particles larger than 1 mm, the percent by mass of particles larger than 1 mm was used to recalculate the particlesize distribution, and D 50 and D 90 . Details on this procedure are described in the next section.
Samples Containing Coarse Material
Samples containing coarse material (greater than 1 mm) required separate measurements because the analyzer is limited to measuring particles up to 1 mm in size. Particles between 1 and 11 mm were dry sieved in a Ro-Tap ® sieve shaker using the standard sieving method (Edwards and Glysson, 1999) . The analyzer-measured particle-size distribution along with sieved (1-11 mm) distribution, were combined to recalculate the full-range particle-size distribution. The particle-size distribution output from the analyzer is in the form of volumetric percentage of each size class. To obtain the gravimetric distribution, the volumetric particle-size distribution was multiplied by the mass of the sample fraction that was finer than 1 mm. The calculated values of mass by size class for the particles finer than 1 mm were combined with all measurements of mass by sieved classes (1 mm and coarser) to calculate the full-range of particle-size distribution.
Results
In this section the results of the 2018 San Antonio Reservoir capacity analysis are compared to the initial capacity. The 1965 stage-capacity table was provided by the SFPUC and was based on the pre-construction photogrammetric surveys of the topography (Alexis Dufour, San Francisco Public Utilities Commission, written commun., October 3, 2018). A bathymetric map and bed-material composition results are presented in this section. In addition, an electronic DEM file and comma-delimited files of stagearea and stage-capacity tables are available as a USGS ScienceBase online database at https://doi.org/10.5066/ P9KC9DU8 (Marineau and others, 2019) .
Bathymetry
Results of the 2018 bathymetric survey of the reservoir are shown as a map in figure 7 . Approximately 560 million multibeam depth soundings and terrestrial LiDAR points (about 160 per m 2 , on average), and about 500 GNSS-RTN topographic-survey points were used to create a gridded bathymetric DEM.
The bathymetric DEM shows that remnants of borrow pits from the dam construction are still well defined in the lower reservoir ( fig. 7) . Although not apparent from the DEM or contour map, evidence exists of minor sedimentation in the lower (deeper) part of the reservoir. The lowest level intake (Intake #1) appears to be about 10 ft below the bed elevation in that area. Intake #2 (second lowest intake) is still about 20 ft above the bed in that part of the reservoir and is operational ( fig. 8 ).
Reservoir Storage Capacity
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Comparison of the 2018 and 1965 capacity estimates indicates that the capacity had increased from 50,500 acre-ft in 1965 (the year when the dam became fully operational) to 53,266 acre-ft in 2018 (an increase of 5.5 percent). However, because there is no obvious mechanism for the storage capacity to increase in the reservoir, this increase is most likely due to survey measurement uncertainty and errors in the original survey. Direct comparison of the stage-capacity curves between 1965 and 2018 indicates decreased capacity in the lower elevation parts of the reservoir and increased capacity at higher elevations ( fig. 9 ). The decreased capacity in the lower elevation parts of the reservoir was observed independently through bathymetric measurements around the intake structures. Sedimentation near the intake structure has buried Intake #1. Intake #2 was the lowest operational intake, which means that all storage below Intake #2 was considered dead storage at the time of the 2018 survey. Live storage above Intake #2 was 52,363 acre-ft at the time of the survey. Table 4 summarizes the elevation and reservoir storage capacity above each intake.
Survey Error Estimate
The total storage capacity error for this survey was estimated to be approximately plus or minus 140 acre-ft. To arrive at this estimate, the authors divided the 852.3-acre survey area into three uncertainty zones (sections). The first section was the area measured using GNSS-RTN ground surveying, which likely had the largest error. Although the point measurements are typically accurate within 1-2 cm, due to large spacing between point measurements, particularly in areas with heavy vegetation, the elevation for much of the area was estimated using interpolation between point measurements. Therefore, we estimate that the elevation in this area, which is about 50 acres, was within plus or minus 1.0 ft of true elevation. The second highest error would be for areas that were hard-to-reach using boat-mounted LiDAR, which were mostly in small draws and tributary drainage areas. These areas included about 35 acres and we estimate that measurements were within plus or minus 0.5 ft of true elevation. The remainder of the reservoir (767.3 acres) was surveyed with high-resolution multibeam and LiDAR, often with many measurements (average of about 700 points per m 2 or 65 points per square foot, ft 2 ), so we estimate that the elevation for those areas was likely within plus or minus 0.1 ft of true elevation. Combined, this results in an average error of plus or minus 0.16 ft across the entire reservoir surface or plus or minus 140 acre-ft.
Bed-Material Composition
Particle-size distribution analysis of bed-material samples collected in the San Antonio Reservoir showed that the bed material was predominately composed of silt (69 percent), followed by clay (21 percent), and sand (10 percent). Tables 5 and 6 provide summary data and particle-size distribution data for the 35 samples collected. With the exception of two samples (sites 10 and 19; table 6), Gravel never composed more than half of a percent of any sample. Figure 7 shows the location of the bed-material samples and the median particle size (D 50 ) is indicated by circle size. The cumulative particlesize distributions of all bed-material samples collected during the survey campaign are summarized in figure 10 .
There was a slight gradational trend from coarse to finer material from the head of the reservoir (near San Antonio Creek delta) to the lower end of the reservoir (at the dam). Figure 11 shows longitudinal profiles of the bed elevation and median particle size in 2018. The bed-elevation data were extracted along the pre-dam channel of San Antonio Creek. This type of gradation is indicative of a depositional environment and is common for reservoirs due to the longer settling time of finer particles; fines (silt and clay) can therefore travel in suspension from the source (typically bank erosion or inflowing creeks) to closer to the dam and spillway before settling to the bottom. 1 Elevation of intake from engineering drawing of outlet works' intake structure (Bechtel Corporation, 1963b ).
2 Calculated from 2018 reservoir survey; total capacity was measured at 53,266 acre-ft.
3 Intake #2 was the lowest level operational intake at the time of the 2018 survey. Figure 11 . Bed elevation, as extracted from the 2018 digital elevation model (DEM), along the historical (1960) San Antonio Creek centerline, and median particle size (D 50 ) of bed material from samples projected to the centerline, San Antonio Reservoir, California.
Discussion of Reservoir Sedimentation
We were not able to directly calculate rates of overall sedimentation, and thus the loss in storage capacity, due to the uncertainty in the methods used during previous surveys. The total capacity based on the original 1963 pre-construction volume (based on a topographic map) was estimated at 50,500 acre-ft; however, that estimate was based on a 1:17,280-scale topographic map, with contour intervals of 10 ft. Map accuracy standards indicate the vertical accuracy of the 1959 topographic model is plus or minus 5 ft, thus the uncertainty of the reservoir volume estimated based upon it could be about 4,300 acre-ft. The capacity based on the 2018 survey was 53,266 (5.5 percent greater than the original survey estimate). The differences between the 1994 and 2000 surveys indicate a reduction in capacity of 1.5 percent (Sea Surveyor, Inc., 2000) . During those two surveys the respective reservoir levels were not at full capacity. Documentation of horizontal and vertical control for the 2000 survey was incomplete and for the 1994 survey was not available at the time of this publication; therefore, we could not verify if the 1.5 percent change was representative of actual changes in the reservoir capacity or if they were caused by uncertainty or due to errors in survey measurements. Relatively small to negligible sedimentation volumes during a 55-year interval are, however, consistent with the generally intact vegetative ground cover of the San Antonio watershed. Calculating sedimentation rates based on volumetric differences is also sensitive to survey error. In addition, the earlier (1965) estimate of volume was based on 1959 photogrammetry and was not a pre-dam topographic survey.
While analyzing the 2018 bathymetry, the 2018 bathymetric survey DEM was overlaid with a map of the depth-sounding measurements collected in the 2000 survey (Sea Surveyor, Inc., 2000) to identify any areas of sedimentation in the reservoir. There were not any obviously depositional areas observed in the comparison between the 2000 and 2018 surveys, likely due to low-accuracy horizontal and vertical control in the 2000 survey.
As mentioned earlier in this report, the reservoir volume is large in proportion to the size of the watershed (1,410 acre-ft of storage capacity per square mile [acre-ft/mi 2 ] of watershed area). This is because the San Antonio Reservoir serves primarily as an intermediate storage facility for water diverted from Hetch Hetchy Reservoir (located on the Tuolumne River in Yosemite National Park). To put this into context, the median storage capacity to watershed area of 81 other water-supply and irrigation reservoirs in California (with dams at heights of 10 feet or more) was about 515 acre-ft/mi 2 (National Inventory of Dams, 2018). The large storage capacity to watershed area indicates that sedimentation volumes are more likely to be small in comparison to storage capacity (dependent on watershed sediment yield rates). Although we were not able to directly compare the April 2018 bathymetry to previous surveys, we were able to use some of the earlier information to infer changes in the lower (deeper) portion of the reservoir as explained below.
The 1965 and 2018 stage-capacity curves indicate that the lower (deeper) portion of the reservoir appears to have had less storage capacity at the time of this study (733 acre-ft less storage at 372.7 ft NAVD 88; 370 ft NGVD 29), which could reflect that sedimentation had occurred. The 370 ft NGVD 29 elevation is referenced here because it was the lowest elevation value included in the 1965 stage-capacity relation ( fig. 9 ). The reduced storage capacity in the deeper part of the reservoir agrees with observations of sedimentation in the lower elevation part of the reservoir in which 10 ft of sediment had accumulated over Intake #1 ( fig. 8) . At the 372.7 ft NAVD 88 (370 ft NGVD 29) elevation, the surface area of the reservoir is approximately 193 acres. Although it is improbable that sediment deposition would be uniformly distributed in this lower elevation area, 733 acre-ft spread over 193 acres is approximately 4 ft of sediment thickness.
Further inspection of the 1965 and 2018 stage-capacity curves, shows that the upper elevation zone of the reservoir appears to have had greater capacity in 2018. This could be attributed to displacement of sediment from the upper elevation zones to the deeper zone, uncertainty or error in the early topographic maps, or in part to the smaller uncertainty in the 2018 survey (see the "Survey Error Estimate" section). As mentioned in the "Vertical Datums and Previous Reservoir Surveys" section, the 1965 stage-capacity curve was calculated from a topographic map drawn from 1959 aerial photogrammetry (rather than from topographic survey measurements). Given the complex terrain in parts of the upper elevation zone, it seems likely that the 2018 survey using terrestrial LiDAR produced a more accurate point-cloud model of the rugged terrain, and the 2018 survey represents a more refined volume measurement of those areas. Terrain in the lower elevation zone of the reservoir is not as complex, so the 1965 estimate is likely to be an unbiased approximation of the true storage capacity there.
Upon closer examination of the lower elevation zone (below 372.7 ft NAVD 88), only 94 acre-ft of the estimated 2018 survey error applies to the deeper zone. Then it appears that reservoir storage capacity had decreased by about 773 plus or minus 94 acre-ft in 55 years (about 1.5 plus or minus 0.2 percent loss). If correct, this translates to a watershed sediment yield of 0.35 acre-ft/mi 2 per year (or 167 cubic meters per square kilometer [m 3 /km 2 ] per year). Average sediment yield for watersheds in the Coast Ranges (based on surveys of 23 other reservoirs) was previously estimated to be 417 plus or minus 142 m 3 /km 2 per year, but can range from 19 to 3,419 m 3 /km 2 per year (Minear and Kondolf, 2009 ). The estimates of reservoir sedimentation and basin yield reported by Minear and Kondolf (2009) are volumetric sediment yield values (which are equivalent to the units reported here) rather than sediment yield in mass units. Estimates of the dry weight of sediment would require measurements of density from coring or another empirical method (Lara and Pemberton, 1963) . The volumetric sediment yield of 167 m 3 /km 2 per year that is estimated for the San Antonio watershed is within the range of the previous studies compiled by Minear and Kondolf (2009) .
Summary
The construction of the James H. Turner Dam in 1965 created the San Antonio Reservoir in California. The original capacity of the reservoir was estimated at 50,500 acre-feet (acre-ft) based on a pre-construction topographic map. Since construction of the dam, the bathymetry of the reservoir was surveyed two times: in 1994 and 2000. Those two previous surveys did not include the upper 18 feet (ft) of the reservoir, therefore the San Francisco Public Utilities Commission (SFPUC) could not estimate the full reservoir capacity. To accurately manage reservoir operations, up-to-date reservoir capacity information up to the spillway elevation was needed by the SFPUC. In response, the U.S. Geological Survey (USGS), in cooperation with the SFPUC, conducted a combined bathymetric and topographic survey in April 2018.
Methods were presented for the 2018 collection and analysis of bathymetric and topographic survey data, underwater sound-speed profiles, and bed-material samples. The bathymetric portion of the survey was done using a multibeam echosounder while the shoreline topographic data was collected using a combination of terrestrial Light Detection and Ranging (LiDAR), and Global Navigation Satellite System-Real Time Network (GNSS-RTN) topographic survey equipment. Approximately 125 kilometers (78 miles) of transects with a total of about 560-million depth soundings and topographic LiDAR points, 500 GNSS-RTN topographic survey measurements, 24 sound-speed profiles, and 35 bed-material samples were collected. The depth soundings were corrected for sound-speed gradients, merged with topographic survey points along the shoreline and San Antonio Creek delta, and spatially interpolated to create a bathymetric map of the reservoir in the form of a digital elevation model (DEM). Elevations from the DEM were tabulated to generate the stage-surface area and stagecapacity tables presented in this report. Bed-material samples were analyzed using laser diffraction to obtain particle-size distribution and estimate median particle size.
The results of the April 2018 survey indicate that the reservoir has a capacity of 53,266 acre-ft (plus or minus 140 acre-ft). This represents an increase in measured capacity of 2,766 acre-ft greater than the original reservoir capacity estimate. The increase is likely due to increased accuracy in survey instrumentation and techniques from the 1960s to the present. A comparison of the stage-capacity curves shows a decline in storage capacity in the lower elevation (deeper) part of the reservoir. There also is evidence of sedimentation in that same part of the reservoir. The lowest level intake (Intake #1) appears to be 10 ft below the bed elevation in that area. The San Francisco Public Utilities Commission reported that Intake #1 was not operational at the time of this study. Intake #2 (the second lowest intake) is about 20 ft above the bed in that part of the reservoir, and the live-storage capacity above that intake was estimated at 52,363 acre-ft.
The change in volume between the 1963 pre-construction estimate and the 2018 survey at 372.7 ft North American Vertical Datum of 1988 (370 ft National Geodetic Vertical Datum of 1929) was a decrease of 733 acre-ft. This corresponds to an annual sediment yield of 0.35 acre-ft per square mile (or 167 cubic meters per square kilometer), which is of the same order of magnitude as that found in other watersheds for the Coast Ranges in California. A decrease of 733 acre-ft between 1965 (the year when the dam was fully operational) to 2018 thus represents a loss of 1.5 percent of the overall storage capacity in the reservoir. The result of this survey provides up-to-date stage-surface area and stagecapacity curves to improve reservoir management operations and could serve as a more accurate baseline for monitoring changes in storage capacity in the future.
